Abstract: High-density polyethylene (HDPE) was co-fed into the catalytic pyrolysis (CP) of mandarin peel (MP) over different microporous catalysts, HY and HZSM-5, with different pore and acid properties. Although the non-catalytic decomposition temperature of MP was not changed during catalytic thermogravimetric analysis over both catalysts, that of HDPE was reduced from 465 • C to 379 • C over HY and to 393 • C over HZSM-5 because of their catalytic effects. When HDPE was co-pyrolyzed with MP over the catalysts, the catalytic decomposition temperatures of HDPE were increased to 402 • C over HY and 408 • C over HZSM-5. The pyrolyzer-gas chromatography/mass spectrometry results showed that the main pyrolyzates of MP and HDPE, which comprised a large amount of oxygenates and aliphatic hydrocarbons with a wide carbon range, were converted efficiently to aromatics using HY and HZSM-5. Although HY can provide easier diffusion of the reactants to the catalyst pore and a larger amount of acid sites than HZSM-5, the CP of MP, HDPE, and their mixture over HZSM-5 revealed higher efficiency on aromatics formation than those over HY due to the strong acidity and more appropriate shape selectivity of HZSM-5. The production of aromatics from the catalytic co-pyrolysis of MP and HDPE was larger than the theoretical amounts, suggesting the synergistic effect of HDPE co-feeding for the increased formation of aromatics during the CP of MP.
Introduction
Biomass pyrolysis is considered as a promising technology because biomass can be converted to bio-oil easily at medium high temperatures between 400 and 600 • C under a non-oxygen atmosphere [1] . The increased use of biochar produced as a byproduct of biomass pyrolysis is also elevating the value of biomass pyrolysis [2] . The impending crisis related to fossil fuel depletion, environmental contamination, and climate change, have also emphasized the value of biomass as the feedstock for thermal conversion technology to produce energy or chemical feedstock [3] .
Mandarin is a seedless citrus fruit that is harvested widely in the world because of its sweet taste and easy peeling property [4] . Owing to the large content of peel in mandarin fruit, the amount of waste mandarin peel (MP) has also increased dramatically and most of them were landfilled or dumped into the ocean [5] . Recently, the Korean government prohibited the dumping of waste MP into Figure 1 shows the non-catalytic TG and derivative TG (DTG) curves of MP, HDPE, and their mixture at 5 • C/min. The initial (T onset ), maximum (T max ), and final (T offset ) temperature of each decomposition region (M1, M2, and H) on the thermal and catalytic DTG curves of MP, HDPE, and their mixture were also shown in Table 1 . MP and HDPE were decomposed at different temperature regions. MP was decomposed over a wide temperature range between 160 and 354 • C (M1 and M2). The decomposition peaks (M1 and M2) on the DTG curves of MP can be assigned as the decomposition of pectin and cellulose, the main lignocellulosic components of citrus peels [7] . HDPE was decomposed at a narrow temperature range between 397 and 495 • C (H). The decomposition of MP/HDPE mixture was initiated at 161 • C and finalized at 495 • C of MP and HDPE. The peak heights for the decomposition of MP and HDPE on the DTG curve of the MP/HDPE mixture were approximately half of the heights for the peaks on the DTG curve of MP and that of HDPE because the same amount of MP and HDPE Sample  Catalyst  T onset T max  T max  T offset T onset T max  T offset   MP  No catalyst  160  204  328  354  ---HDPE  No catalyst  ----397  465  495  MP + HDPE  No catalyst  161  205  329  355  395  464  495  MP  HY  163  205  329  355  ---MP  HZSM-5  162  204  328  354  ---HDPE  HY  ----327  379 Figure 2 shows the thermal and catalytic DTG curves of MP, HDPE, and their mixture over HY and HZSM-5. The catalytic DTG curves of MP over both HY and HZSM-5 were not so different with its non-catalytic TG curve. T max s on the catalytic DTG curves of MP over each catalyst, 205 • C (M1) and 329 • C (M2) over HY and 204 • C (M1) and 328 • C (M2) over HZSM-5, were not largely different from those obtained from the non-catalytic TG analysis of MP, 204 • C (M1) and 328 • C (M2). Low temperature differences (<2 • C) between the catalytic and non-catalytic DTG curves of MP suggest a minor catalytic effect of both HY and HZSM-5 on the change in the decomposition temperature of MP. Rezaei et al. [15] also found the unchanged decomposition temperature of biomass during the catalytic TG analysis of yellow poplar over different mesoporous catalysts. They explained the large molecular size of biomass derived compounds as the main factor limiting their diffusion to the catalyst pore.
Results and Discussion
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M Figure 2 shows the thermal and catalytic DTG curves of MP, HDPE, and their mixture over HY and HZSM-5. The catalytic DTG curves of MP over both HY and HZSM-5 were not so different with its non-catalytic TG curve. Tmaxs on the catalytic DTG curves of MP over each catalyst, 205 °C (M1) and 329 °C (M2) over HY and 204 °C (M1) and 328 °C (M2) over HZSM-5, were not largely different from those obtained from the non-catalytic TG analysis of MP, 204 °C (M1) and 328 °C (M2). Low temperature differences (<2 °C) between the catalytic and non-catalytic DTG curves of MP suggest a minor catalytic effect of both HY and HZSM-5 on the change in the decomposition temperature of MP. Rezaei et al. [15] also found the unchanged decomposition temperature of biomass during the catalytic TG analysis of yellow poplar over different mesoporous catalysts. They explained the large molecular size of biomass derived compounds as the main factor limiting their diffusion to the catalyst pore. Meanwhile, the decomposition temperatures of HDPE were lowered largely by the use of the catalysts, from 465 °C to 379 °C over HY and to 393 °C over HZSM-5 as shown in Figure 2b . This suggests that the acid catalysts reduced the decomposition temperature of HDPE due to the smaller kinetic diameter of HDPE molecules than the catalyst pore size and the degradation efficiency of the catalysts is differentiated depending on the catalyst properties [16] . The stronger catalytic effect of HY lowering the HDPE decomposition temperature more than HZSM-5 can be explained by its larger smaller kinetic diameter of HDPE molecules than the catalyst pore size and the degradation efficiency of the catalysts is differentiated depending on the catalyst properties [16] . The stronger catalytic effect of HY lowering the HDPE decomposition temperature more than HZSM-5 can be explained by its larger number of acid sites (Figure 3 ), providing higher cracking efficiency and a larger pore size (Table 2) , allowing a higher diffusion efficiency of reactants. The decomposition temperatures of MP during the catalytic co-TG analysis of a MP/HDPE mixture, Figure 2c , were similar to those observed on the non-catalytic DTG curves of MP shown in Figure 1 . The HDPE decomposition temperatures on the catalytic DTG curves of the MP/HDPE mixtures, 402 °C (Hy) over HY and 408 °C (Hz) over HZSM-5, were higher than those on the catalytic DTG curves of HDPE, 379 °C over HY and 393 °C over HZSM-5. This indicates that the catalytic effects of HY and HZSM-5 were reduced by catalyst deactivation caused by the catalytic pyrolysis (CP) of MP at lower temperatures than for HDPE decomposition. A similar phenomenon was also observed during the catalytic TGA of a mixture of other biomass and HDPE. Kim et al. [17] reported that the HDPE decomposition temperature during its catalytic TGA was increased when cellulose was co-pyrolyzed with HDPE because the coke accumulated by the CP of cellulose deactivates the catalyst and reduces the HDPE decomposition efficiency of the catalyst.
Pyrolyzer-Gas Chromatography/Mass Spectrometry (Py-GC/MS) Analysis
(1) Mandarin Peel (MP) Figure 4 presents Py-GC/MS chromatograms for the non-catalytic fast pyrolysis (NCFP) and CFP of MP over HY and HZSM-5 at 600 °C. The NCFP of MP produced many types of oxygenates, such as methanol, acetic acid, ketones, furans, phenols, and levoglucosan. Kim et al. [18] compared the pyrolysis of citrus peels and wood and reported that the relative contents of methanol and furans in the pyrolysis oil of citrus peel were higher than those of wood pyrolysis oil. They explained that the large amount of methanol is formed by the demethoxylation of pectin occupying the largest portion among the lignocellulosic components of MP. Methanol and furfural were formed as the main pyrolyzates of pectin via rapid pyrolysis [19, 20] . Acetic acid and furans are the typical hemicellulose pyrolysis products and levoglucosan is produced by the primary decomposition of cellulose [21] . The decomposition temperatures of MP during the catalytic co-TG analysis of a MP/HDPE mixture, Figure 2c , were similar to those observed on the non-catalytic DTG curves of MP shown in Figure 1 . The HDPE decomposition temperatures on the catalytic DTG curves of the MP/HDPE mixtures, 402 • C (H y ) over HY and 408 • C (H z ) over HZSM-5, were higher than those on the catalytic DTG curves of HDPE, 379 • C over HY and 393 • C over HZSM-5. This indicates that the catalytic effects of HY and HZSM-5 were reduced by catalyst deactivation caused by the catalytic pyrolysis (CP) of MP at lower temperatures than for HDPE decomposition. A similar phenomenon was also observed during the catalytic TGA of a mixture of other biomass and HDPE. Kim et al. [17] reported that the HDPE decomposition temperature during its catalytic TGA was increased when cellulose was co-pyrolyzed with HDPE because the coke accumulated by the CP of cellulose deactivates the catalyst and reduces the HDPE decomposition efficiency of the catalyst.
(1) Mandarin Peel (MP) Figure 4 presents Py-GC/MS chromatograms for the non-catalytic fast pyrolysis (NCFP) and CFP of MP over HY and HZSM-5 at 600 • C. The NCFP of MP produced many types of oxygenates, such as methanol, acetic acid, ketones, furans, phenols, and levoglucosan. Kim et al. [18] compared the pyrolysis of citrus peels and wood and reported that the relative contents of methanol and furans in the pyrolysis oil of citrus peel were higher than those of wood pyrolysis oil. They explained that the large
amount of methanol is formed by the demethoxylation of pectin occupying the largest portion among the lignocellulosic components of MP. Methanol and furfural were formed as the main pyrolyzates of pectin via rapid pyrolysis [19, 20] . Acetic acid and furans are the typical hemicellulose pyrolysis products and levoglucosan is produced by the primary decomposition of cellulose [21] . Kim et al. [18] also reported that the NCFP of citrus peel produced smaller amounts of phenols than that of wood due to the smaller lignin content in citrus peel. This is more advantageous in aromatics production because lignin is converted more easily to char and coke than hemicellulose and cellulose during the CFP of biomass [12] .
In
on the production of aromatic hydrocarbons of HZSM-5 than HY during the CFP of MP. The proper pore size of HZSM-5 allowing the more appropriate shape selectivity for aromatics formation than HY (Table 2 , [12] ) and its stronger acidity (Figure 3 ) can be suggested as its higher aromatics production efficiency. Kim et al. [12] compared aromatics formation efficiency during the sequential CFP of citrus peel over HZSM-5 and HY. Although they used the different HY having different acidity to that used in this study, they also found that HY produced the smaller amount of aromatics and larger amount of coke during the CFP of MP than HZSM-5. When the pore size of the catalyst was larger than the size required for the production of aromatics, the amount of coke could be increased because of the additional oligomerization of reaction intermediates inside the catalyst [26] . 
(2) High-Density Polyethylene (HDPE)
HDPE pyrolysis mainly produced three types of aliphatic hydrocarbons, such as alkadiene, alkene, and alkane, in a wide carbon range up to C40, Figure 5a [14] . The random chain scission of HDPE via a radical mechanism is suggested as the main reaction pathways for the formation of these aliphatic hydrocarbons [27] . Although many products were produced from the NCFP of HDPE, they are difficult to be used as fuels because of the wide carbon range in HDPE pyrolysis oil. Compared to the NCFP of MP, the CFP of MP over both HY and HZSM-5 produced smaller amount of oxygenates larger amounts of aromatics, suggesting the efficient conversion of oxygenates to aromatics via the hydrocarbon pool [22] and phenolic pool mechanism [23] during the CFP of biomass over the catalysts. During the CFP of biomass, the main pyrolyzates of biomass are deoxygenated by the dehydration, dehydroxylation, decarbonylation, and decarboxylation and converted to light olefins together with the emission of water, CO, and CO 2 [18] . These light olefins can form the effective hydrocarbon pool and be converted to aromatics via a Diels-Alder reaction inside the pore of catalysts [24] . Phenolic pool mechanism is explained as the main mechanism on the formation of aromatics via the CFP of lignin. During the CFP of lignin, the phenolic intermediates form the phenolic pool inside the catalyst pore and are converted to aromatic hydrocarbons via dealkoxylation and dealkylation, or coke by their oligomerization [25] .
In our results, the peak intensities for phenol and levoglucosan on the chromatogram obtained from the CFP of MP over HY were smaller than those over HZSM-5, Figure 4b , suggesting the higher deoxygenation efficiency of HY. The higher deoxygenation efficiency of HY can be explained by its larger pore size (Table 2 ) and larger amount of acid sites (Figure 3) . Although HY showed a higher deoxygenation efficiency than HZSM-5, the CFP of MP over HZSM-5 revealed the much higher peak intensities for aromatics, indicating the higher efficiency on the production of aromatic hydrocarbons of HZSM-5 than HY during the CFP of MP. The proper pore size of HZSM-5 allowing the more appropriate shape selectivity for aromatics formation than HY ( Table 2 , [12] ) and its stronger acidity ( Figure 3 ) can be suggested as its higher aromatics production efficiency. Kim et al. [12] compared aromatics formation efficiency during the sequential CFP of citrus peel over HZSM-5 and HY. Although they used the different HY having different acidity to that used in this study, they also found that HY produced the smaller amount of aromatics and larger amount of coke during the CFP of MP than HZSM-5. When the pore size of the catalyst was larger than the size required for the production of aromatics, the amount of coke could be increased because of the additional oligomerization of reaction intermediates inside the catalyst [26] .
HDPE pyrolysis mainly produced three types of aliphatic hydrocarbons, such as alkadiene, alkene, and alkane, in a wide carbon range up to C 40 , Figure 5a [14] . The random chain scission of HDPE via a radical mechanism is suggested as the main reaction pathways for the formation of these aliphatic hydrocarbons [27] . Although many products were produced from the NCFP of HDPE, they are difficult to be used as fuels because of the wide carbon range in HDPE pyrolysis oil. Figure 5b ,c show the PY-GC/MS chromatograms for the CFP of HDPE over HY and HZSM-5. Compared to the CFP of MP shown in Figure 4b ,c, the CFP of HDPE over both catalysts produced much larger amounts of aromatics and light hydrocarbons owing to its higher carbon and hydrogen contents than MP [17] . Between the two catalysts, HZSM-5 showed the higher efficiency on aromatics production than HY because of its higher shape selectivity toward mono-aromatics than HY. HZSM-5 mainly produced BTEXs (benzene, toluene, ethylbenzene, and xylenes) and naphthalenes, such as naphthalene, methylnaphthalenes, and dimethylnaphthalenes, during the CCP of HDPE. Meanwhile, HY revealed the higher selectivity to other mono aromatic hydrocarbons (OMAHs), and alkyl naphthalenes. The formation of large amounts of branched aromatic hydrocarbons over HY is possible due to the its higher surface area and larger cavities in HY structure ( Table 2 , [28] ). As observed on the chromatograms for the CFP of HDPE, the peak intensities for light olefins (C 2~C5 ) were much higher than those of aromatic hydrocarbons. This suggests that these light olefins can be converted to aromatic hydrocarbons additionally by increasing the amount of catalyst because the added catalyst can enhance the additional aromatization reaction [29] . These light olefins also can be used as the hydrogen donor to the oxygenated CFP intermediates, such as furan, enhancing the synergistic formation of aromatics during the catalytic pyrolysis of biomass and HDPE [14] . (3) The Mixture of MP and HDPE Figure 6 shows the Py-GC/MS chromatograms obtained from the non-catalytic co-fast pyrolysis (NCCFP) and catalytic co-fast pyrolysis (CCFP) of MP/HDPE mixture over HY and HZSM-5, respectively. The NCCFP of MP had the typical pyrolyzates of MP, many kinds of oxygenates shown in Figure 4a , and those of HDPE, alkadienes, alkenes, and alkanes in wide carbon range shown in Figure 5a . The peak intensities for these pyrolyzates of MP and HDPE shown on the chromatogram for the NCCFP of MP, Figure 6a , were about half of those shown in the NCCFP of MP/HDPE mixture, Figure 4a , and those of HDPE, Figure 5a , suggesting no interaction between the pyrolysis intermediates of MP and HDPE. The CCFP of MP and HDPE over HZSM-5 revealed the higher Figure 6 shows the Py-GC/MS chromatograms obtained from the non-catalytic co-fast pyrolysis (NCCFP) and catalytic co-fast pyrolysis (CCFP) of MP/HDPE mixture over HY and HZSM-5, respectively. The NCCFP of MP had the typical pyrolyzates of MP, many kinds of oxygenates shown in Figure 4a , and those of HDPE, alkadienes, alkenes, and alkanes in wide carbon range shown in Figure 5a . The peak intensities for these pyrolyzates of MP and HDPE shown on the chromatogram for the NCCFP of MP, Figure 6a , were about half of those shown in the NCCFP of MP/HDPE mixture, Figure 4a , and those of HDPE, Figure 5a , suggesting no interaction between the pyrolysis intermediates of MP and HDPE. The CCFP of MP and HDPE over HZSM-5 revealed the higher intensities for BTEXs and naphthalenes than that over HY. Meanwhile, HY produced larger amounts of OMAHs, such as tri-and tetramethyl benzenes and alkyl naphthalenes. Although their intensities were not higher, the chromatogram for the CCFP of MP/HDPE mixture over HZSM-5 had the peaks for the typical pyrolyzates of NCFP of HDPE, alkadienes, alkenes, and alkadienes in wide carbon range shown in Figure 5a . This can be explained by the limited diffusion of HDPE molecules by the MP derived char or coke, as expected during on the TG analysis for the catalytic TG analysis of MP/HDPE mixture. Figure 4b,c, and HDPE, Figure 5b ,c, over the same catalyst because the same amounts of MP and HDPE were co-fed to their CCFP (MP/HDPE: 1/1). However, the peak intensities for aromatic hydrocarbons in Figure 6 were higher than the average values for those obtained from the CFP of MP and HDPE. In addition, the peaks for oxygenates, such as ketones, furans, and phenols, shown in Figure 4b ,c were almost absent on the chromatogram for the CCFP of MP/HDPE mixture, Figure 6b ,c. This suggests that there are some interactions between the CFP reaction intermediates of MP and HDPE, also converting oxygenates to aromatic hydrocarbons during CCFP over HY and HZSM-5. Figure 7 shows the synergistic formation of aromatics on the CCFP of MP and HDPE over HY and HZSM-5, respectively. The detailed yields of aromatics obtained from the catalytic pyrolysis of MP, HDPE, and their mixture were also shown in Table S1 (Supplementary Information). The experimental yields (wt.%) of aromatics obtained from the CCFP of MP and HDPE, 5.06% over HY and 6.04% over HZSM-5, were higher than their theoretical yields, 4.20% over HY and 5.54% over HZSM-5, calculated from those obtained from the individual CFP of MP and HDPE. This definitely indicates additional aromatics formation by applying the co-feeding of HDPE to the CFP of MP over both catalysts. Between HY and HZMS-5, HZSM-5 produced aromatics more efficiently than HY during the CCFP of MP and HDPE, suggesting additional interactions between the CFP reaction intermediates of MP and HDPE, increasing aromatics formation. The additional aromatics production can be explained by the effective Diels-Alder reaction between the residual oxygenates, such as methanol and furfural, formed from the CFP of MP, and light olefins formed from the CFP of HDPE over both catalysts. Aromatics formation via an effective Diels-Alder reaction between furans and light olefins has been reported as the main reaction pathway for the additional aromatics formation during the CCFP of biomass and HDPE over acid catalysts [30] . The relatively large amounts of methanol in MP pyrolyzates also can be efficiently converted to light olefins and aromatics over acid catalysts [31, 32] . The light olefins from the catalytic reaction of methanol can reinforce the hydrocarbon pool inside the catalyst pores, leading to the additional formation of aromatic hydrocarbons. Therefore, several researchers also co-fed methanol during the CFP of biomass. Asadieraghi et al. [33] reported that an additional amount of aromatic hydrocarbons can be achieved by co-feeding methanol to the CFP of palm kernel shell. They explained that the methanol can be converted to dimethyl ether via acid catalyzed dehydration over HZSM-5 and forms a Theoretically, the peak intensities for the aromatics obtained from the CCFP of MP and HDPE, Figure 6b ,c, should be half the summed intensities for those obtained from the individual CFP of MP, Figure 4b ,c, and HDPE, Figure 5b ,c, over the same catalyst because the same amounts of MP and HDPE were co-fed to their CCFP (MP/HDPE: 1/1). However, the peak intensities for aromatic hydrocarbons in Figure 6 were higher than the average values for those obtained from the CFP of MP and HDPE. In addition, the peaks for oxygenates, such as ketones, furans, and phenols, shown in Figure 4b ,c were almost absent on the chromatogram for the CCFP of MP/HDPE mixture, Figure 6b ,c. This suggests that there are some interactions between the CFP reaction intermediates of MP and HDPE, also converting oxygenates to aromatic hydrocarbons during CCFP over HY and HZSM-5. Figure 7 shows the synergistic formation of aromatics on the CCFP of MP and HDPE over HY and HZSM-5, respectively. The detailed yields of aromatics obtained from the catalytic pyrolysis of MP, HDPE, and their mixture were also shown in Table S1 (Supplementary Information). The experimental yields (wt.%) of aromatics obtained from the CCFP of MP and HDPE, 5.06% over HY and 6.04% over HZSM-5, were higher than their theoretical yields, 4.20% over HY and 5.54% over HZSM-5, calculated from those obtained from the individual CFP of MP and HDPE. This definitely indicates additional aromatics formation by applying the co-feeding of HDPE to the CFP of MP over both catalysts. Between HY and HZMS-5, HZSM-5 produced aromatics more efficiently than HY during the CCFP of MP and HDPE, suggesting additional interactions between the CFP reaction intermediates of MP and HDPE, increasing aromatics formation. The additional aromatics production can be explained by the effective Diels-Alder reaction between the residual oxygenates, such as methanol and furfural, formed from the CFP of MP, and light olefins formed from the CFP of HDPE over both catalysts. Aromatics formation via an effective Diels-Alder reaction between furans and light olefins has been reported as the main reaction pathway for the additional aromatics formation during the CCFP of biomass and HDPE over acid catalysts [30] . The relatively large amounts of methanol in MP pyrolyzates also can be efficiently converted to light olefins and aromatics over acid catalysts [31, 32] . The light olefins from the catalytic reaction of methanol can reinforce the hydrocarbon pool inside the catalyst pores, leading to the additional formation of aromatic hydrocarbons. Therefore, several researchers also co-fed methanol during the CFP of biomass. Asadieraghi et al. [33] reported that an additional amount of aromatic hydrocarbons can be achieved by co-feeding methanol to the CFP of palm kernel shell. They explained that the methanol can be converted to dimethyl ether via acid catalyzed dehydration over HZSM-5 and forms a hydrocarbon pool that can enhance the formation of aromatics. 
Materials and Methods
MP and HDPE
MP was obtained by peeling off the mandarin fruit harvested from Jeju island (South Korea). HDPE was purchased from LG Chemical (Yeosu, South Korea). MP was dried at ambient temperature during 4 days to eliminate the moisture. Dried MP and HDPE were cryo-milled to make particles smaller than 200 µm and dried at 60 °C for 1 day. The physico-chemical properties of MP 
